A study on the adsorption of fluoride onto hydroxyapatite was conducted and the process parameters were optimized using Response Surface Methodology (RSM). Hydroxyapatite has been characterized by using different physicochemical methods. In order to determine the effects of process parameters namely temperature (20-40°C), initial solution pH (4-11), adsorbent dose (0.1-0.3 g) and initial fluoride concentration (10-20 mg L À1 ) on fluoride uptake from aqueous solution, a three-level, four-factor, Box-Behnken design has been employed. The second order mathematical model was developed by regression analysis of the experimental data obtained from 29 batch runs. The optimum pH, temperature, adsorbent dose and initial concentration were found by desirability function to be 4.16, 39.02°C, 0.28 g and 20 mg L À1 , respectively. Fluoride removal was 86.34% at the optimum combination of process parameters. Dynamic adsorption data were applied to pseudo-first-order and pseudo-second-order rate equations. The time data fitted well to pseudo second order kinetic model. According to the correlation coefficients, the adsorption of fluoride on the hydroxyapatite was correlated well with the Langmuir and Freundlich models.
Introduction
The presence of fluoride in drinking water is beneficial to the production and maintenance of healthy bones and teeth, while excessive intake of fluoride provokes skeletal fluorosis, which is associated with serious bone abnormalities. According to World Health Organization (WHO) norms, the upper limit of fluoride concentration in drinking water is 1.5 mg L À1 (WHO, 2006) . However, the measured fluoride concentrations in many regions are higher than that prescribed by the WHO. Removal of fluoride ions from wastewater is important for environmental conservation and human health. Therefore, many technologies, such as reverse osmosis (Rao et al., 1998) , nanofiltration (Tahaikt et al., 2007) , coagulation and precipitation. (Saha, 1993) , electrodialytic membrane technologies (Amer et al., 2001) and adsorption, are proposed for controlling the concentrations of fluoride in aqueous environment. Among the above technologies, adsorption is a common technique used for fluoride removal from aqueous solution, mainly because it is relatively low in cost, robust, environmental friendly and simple. A starting point in the development of an adsorption unit is the choice of an adsorbent among the various adsorbents.
About 100 adsorbents for fluoride adsorption are presented in the literature (Bhatnagar et al., 2011) , e.g., calcined magnesia/pullulan composite (Kang et al., 2010) , iron-impregnated granular ceramics (Chen et al., 2011) , nanostructured hydroxyapatite synthesized through an ultrasonic and microwave combined technique (Poinern et al., 2011) , synthetic hydroxyapatite at nano scale (Sundaram et al., 2008) , Brushite (Mourabet et al., 2011) , and more.
Hydroxyapatite was studied as a fluoride sorbent either at fixed conditions or by considering the effect of some important parameters such as contact time, sorbent dose, particle size, solution pH, temperature, the presence of other anions and fluoride concentration (Fan et al., 2003; Hammari et al.,2004; Sundaram et al., 2008; Gao et al., 2009a,b; Badillo-Almaraz et al.,2007; Reyes and Rı´os, 2010) .
Conventional and classical methods of studying a process by maintaining other factors involved at an unspecified constant level does not depict the combined effect of all the factors involved. This method is also time consuming and requires a number of experiments to determine optimum levels, which are unreliable. These limitations of a classical method can be eliminated by optimizing all the affecting parameters collectively by statistical experimental design such as response surface methodology (RSM). RSM is a collection of mathematical and statistical techniques useful for developing, improving and optimizing processes and can be used to evaluate the relative significance of several affecting factors even in the presence of complex interactions. The main objective of RSM is to determine the optimum operational conditions for the system or to determine a region that satisfies the operating specifications (Myers et al., 2009 ). The application of statistical experimental design techniques in adsorption process development can result in improved product yields, reduced process variability, closer confirmation of the output response to nominal and target requirements and reduced development time.
In this study, the combined effects of adsorbent dose, pH, initial concentration and temperature on fluoride removal from aqueous medium by hydroxyapatite were investigated using Box-Behnken design in response surface methodology (RSM) by Design Expert Version 8.0.6.1 (Stat Ease, USA).
Materials and method

Adsorbent
Hydroxyapatite was prepared by an aqueous double decomposition of the salt of calcium and of phosphate salt. The solution A (26 g of di-ammoniumhydrogenphosphate (NH 4 ) 2 HPO 4 (Riedel-de Hae¨n No.04211) dissolving in 1300 ml of water) of phosphate and 150 ml of ammonia solution were added dropwise in the solution B (47 g of calcium nitrate Ca (NO 3 ) 2 AE4H 2 O (Fluka Chemika No. 21195) dissolving in 550 ml of water) boiled, with a constant speed to 150 tr/min. The presence of ammonia in excess is necessary to have a basic medium (pH 9). Once the addition was complete, the preparation was kept boiling and stirring about 1hour. The precipitate was filtered hot on a Buchner, washed and dried at 80°C for 24 h.
Characterization of the adsorbent
FTIR spectrum of the samples was characterized using VER-TEX 70/70v FT-IR spectrometers. An X-ray powder diffraction (XRD) pattern was analyzed using X'Pert PRO (Germany) Xray diffractometer with Cu Ka radiation. The pH of the zero point charge (pH ZPC ) was determined by the method reported elsewhere (Mourabet et al., 2011) .
Experimental procedures
Batch equilibration method was followed for the optimization process according to the Box-Behnken design matrix shown in Tables 1 and 2 . For this, 50 mL of fluoride (ACROS No. 19127-500) aqueous solution with different pH, initial concentration, temperature and adsorbent dose was placed in 125 mL glass bottle. The mixture was agitated at 300 rpm and at fixed contact time (90 min) that obtained from kinetic study. The solution was then filtered and the residual fluoride ion concentration was analyzed electrochemically with a fluoride ionselective electrode (Orion, USA) by the use of total ionic strength adjustment buffer (TISAB) solution (58 g of sodium chloride (SOCHID No. 010262), 57 mL of glacial acetic acid ) and approximately 150 mL of 6 M NaOH in a volume of 1000 mL) to maintain pH 5.0 and to eliminate the interference effect of complexing ions. The fluoride samples and the fluoride standard solutions diluted 1:1 with a total ionic strength adjustment buffer solution. Amount of fluoride adsorbed, qe (mg/g) was determined using the equation:
where C o is initial fluoride concentration (mg L À1 ), C e , the equilibrium fluoride concentration (mg L À1 ), V, volume of fluoride solution (L), and m, the mass of HAp (g). Fluoride removal (%) by HAp was calculated as the ratio of difference in initial and final fluoride concentration (C o À C e ) to initial fluoride concentration (C o ):
where C 0 and C e are the initial and equilibrium concentrations of fluoride in the solutions in mg L À1 respectively. RSM is a collection of statistical and mathematical techniques useful for developing, improving and optimizing process (Myers and Montgomery, 2002) . Box-Behnken design is one of the most powerful and efficient experimental design among the other response surface designs (central composite, Doehlert matrix, and three-level full factorial designs), because its ability to estimate the parameters of the quadratic model, building of sequential designs, detection of lack of fit of the model, use of blocks. Moreover, it needs fewer runs and has specific positioning of the design points. In recent years, Box-Behnken design is used in different fields of chemistry that are highlighted by many researchers (Ö zdemir et al., 2011; Jain et al., 2011; Kiran and Thanasekaran, 2011) for its feasibility and efficiency. In the present study, the four factors Box-Behnken with three levels experimental design model were used. Actual values of the factors were selected at three levels, coded as À1, 0 and +1 for low, middle and high values respectively (Table 1) . Initial concentration (A), The pH (B), adsorbent dose (C) and temperature (D) were the input factors in order to get the removal efficiency of fluoride onto the used hydroxyapatite. Design-expert 8.0.6.1 (Stat-Ease, 2011) statistical software (trial version) was used for the design of experiment. The sequential model fitting test was carried out in order to choose a suitable model. A second-order polynomial model has been used to identify all possible interactions of selected factors obtained from the Box-Behnken model:
where Y is the percentage of fluoride adsorbed, b o is the intercept parameter and bi, b ii and b ij are the parameters for linear, squared and interaction factor effects, respectively. The data were subjected to the analysis of variance and the coefficient of regression (R 2 ) was calculated to find out the goodness of fit of the model.
Desirability function
Derringer and Suich (1980) describe a multiple response method called desirability. It is an attractive method for industry for the optimization of multiple quality characteristic problems. The method makes use of an objective function, D, called the desirability function and transforms an estimated response into a scale free value (d i ) called desirability.
The desirable ranges are from zero to one (least to most desirable, respectively). The factor settings with maximum total desirability are considered to be the optimal parameter conditions. The simultaneous objective function is a geometric mean of all transformed responses:
where n is the number of responses in the measure. If any of the responses fall outside the desirability range, the overall function becomes zero. 0.00 0.00 À1.00 À1.00 7.7 28 0.00 À1.00 À1.00 0.00 11.4 29 1.00 0.00 À1.00 0.00 20.65
It can be extended to
to reflect the possible difference in the importance of different responses, where the weight ai satisfies.
Desirability is an objective function that ranges from zero outside of the limits to one at the goal. The numerical optimization finds a point that maximizes the desirability function. Adjusting the weight or importance may alter the characteristics of a goal. For several responses, all goals get combined into one desirability function. For simultaneous optimization, each response must have a low and high value assigned to each goal. The ''Goal'' field for responses must be one of the five choices: ''none '', ''maximum'', ''minimum'', ''target'', or '' The d i for ''in range'' are included in the product of the desirability function ''D'', but are not counted in determining ''n''.If the goal is none, the response will not be used for the optimization.
Results and discussion
Adsorbent characterization
In order to characterize HAp, XRD and FTIR analyses were carried out on the synthesized HAp and fluoride treated samples. The XRD pattern of synthesized HAp and the sample treated with fluoride was presented in Fig. 1a and b, respectively. The crystalline peaks at 2h = 25.9°, 32°, 33°, 35.5°a nd 40°confirm the formation of hydroxyapatite structure. There is no marked change in the XRD pattern of HAp after the treatment with fluoride. Similar results are reported by Jime´nez-Reyes (Reyes and Rı´os, 2010) . Fig. 2a and b represents FTIR spectra of the samples before and after treatment with fluoride. The bands at 3571 and 632 cm À1 belong to the stretching vibrations of hydroxyl.
The bands at 1090, and 962 cm À1 are the characteristic of the phosphate stretching vibration, and the bands observed at 604,565, and 472 cm À1 are due to the phosphate bending vibration. The broad peaks at 1636 cm À1 and 3413 cm À1 are due to adsorbed water. There is a reduction in the intensity of -OH bands at 3571 and 632 cm À1 in fluoride treated HAp which may be due to fluoride adsorption/exchange.
Box-Behnken statistical analysis
The most important parameters, which affect the efficiency of fluoride removal by HAp, are initial concentration, temperature, pH and adsorbent dose. In order to study the combined effect of these factors, experiments were performed for different combinations of the physical parameters using statistically designed experiments.
Linear, interactive, quadratic and cubic models were fitted to the experimental data to obtain the regression equations. To decide about the adequacy of models among various models to represent fluoride removal by HAp, two different tests namely sequential model sum of squares and model summary statistics were carried out in the present study, and the results are given in Table 3 . Cubic model was found to be aliased. Sequential model sum of squares showed that the p value was lower than 0.01 for quadratic model only (Table 3) . Model summary statistics showed that the excluding cubic model which was aliased, quadratic model was found to have maximum ''adjusted R-Squared'' and the ''Predicted R-squared'' values. Therefore, quadratic model was chosen for further analysis.
An empirical relationship expressed by a second-order polynomial equation with interaction terms was fitted between the experimental results obtained on the basis of Box-Behnken experimental design model and the input variables. The final equation obtained in terms of actual (natural) factors is given below (Eq. (7)):
Yð%Þ ¼ 46:81 À 10:91 Â A À 8:96 Â B þ 20:49 Â C þ 5:22 Â D À 4:02 Â AB þ 2:20 Â AC þ 0:22 Â AD À 7:97 Â BC À 6:05 Â BD À 4:46 Â CD þ 13:76 Â A 2 À 0:01 Â B 2 À 10:91 Â C 2 þ 3:22
ANOVA is a statistical technique that subdivides the total variation in a set of data into component parts associated with specific sources of variation for the purpose of testing hypotheses on the parameters of the model. ANOVA was used to check the significance and fitness of the model. As shown in Table 4 , the model F-value of 20.89 implies that the model is significant. There is only a 0.01% chance that a model F-value this large could occur due to noise. Values of Prob F less than 0.0500 indicate that model terms are significant. Values greater than 0.1000 indicate that the model terms are not significant. The lack of fit F-value of 4.94 implies the lack of fit is not significant relative to the pure error. There is a 6.87% chance that a lack of fit F-value this large could occur due to noise. Nonsignificant lack of fit is desired, so we want the model to fit. The applied ANOVA for the permeation of fluoride is provided in Table 4 . Predicted R 2 is a measure of how good the model predicts a response value. The adjusted R 2 and predicted R 2 should be within approximately 0.20 of each other to be in reasonable agreement. If they are not, there may be a problem with either the data or the model. In our case, the predicted R 2 of 0.7512 is in reasonable agreement with the adjusted R 2 of 0.9086.
Adequate precision is a measure of the range in predicted response relative to its associated error, in other words a signal-tonoise ratio. Its desired value is 4 or more. The ratio of 16.162 indicates an adequate signal. The coefficient of variation for this model is the error expressed as a percentage of the mean.
The regression coefficient values of Eq.
(3) were listed in Table 4 . The P-values were used as a tool to check the significance of each coefficient, which in turn might indicate the pattern of the interactions between the variables. The smaller the value of P was, the more significant the corresponding coefficient was. It can be seen from this table that the coefficients (A, B, C, D, BC, A 2 , C 2 ), were significant, with very small P-values (P < 0.05). The other term coefficients were not significant (P > 0.05).
Data were also analyzed to check the normality of the residuals. A normal probability plot or a dot diagram of these residuals is shown in Fig. 3 . The data points on this plot lie reasonably close to a straight line. Fig. 4 shows the relationship between the actual and predicted values of Y for the adsorption of fluoride onto HAp. It is seen in Fig. 4 . that the developed model is adequate because the residuals for the prediction for most of the responses are less than 10%, and the residuals tend to be close to the diagonal line. charge (pHpzc) was a concept relating to the phenomenon of adsorption, and the pHpzc value of HAp was found to be 7.5. When the solution pH was below the pHpzc, the fluoride anions were attracted to the positively charged surface of the HAp, caused by the protonation of the HAp hydroxyl groups. At pH above the pHpzc, adsorption of fluoride anions was slight because the HAp surface was negatively charged, due to deprotonation of HAp hydroxyl groups.
Effect of temperature
The adsorption experiments were performed in the temperature range of 20-40°C. Figs. 7, 9 and 10 show the effect of temperature on adsorption while keeping two parameters constant. These figures clearly show that the removal of fluoride increases with temperature. The increased removal of fluoride with temperature indicates that the fluoride ions are favorably adsorbed by HAp at higher temperatures, which shows that the adsorption process may be an endothermic one. This situation can be identified by thermodynamic parameters of adsorption such as Gibbs free energy (DG°), enthalpy (DH°) and entropy (DS°). These parameters can be determined from the variation of the thermodynamic equilibrium constant, K O , at different temperatures. K O values were obtained by the following equation:
where C 1 is the amount of fluoride ion adsorbed per unit mass of adsorbent and C 2 is the concentration of fluoride in the aqueous phase. The standard enthalpy change of adsorption (DH°) and the standard entropy change of adsorption (DS°) were calculated from the slope and intercept of Van't Hoff plot (ln K O versus 1/T) according to Eq. (9). The standard free energy changes of adsorption (DG°) were determined according to Eq. (10).
where R refers to the universal gas constant (kJ mol À1 K À1 ), and T denotes the temperature in K. Thermodynamic values determined for 10 mg L À1 of initial fluoride concentration and adsorbent dose 0.2 g at pH 7.5 were given in Table 5 . The Gibbs free energy change values were found as negative, which indicated the feasibility and spontaneity of the adsorption. The positive sign of enthalpy change confirmed the endothermic nature of adsorption process. Figs. 6, 8 and 10 show the combined effect of adsorbent dose with initial concentration, temperature and pH, respectively. It can be seen that the increase in the adsorbent dose value increases the removal percent of HAp. An increase in the adsorption with the adsorbent dosage can be attributed to a greater surface area and the availability of more adsorption sites at higher adsorbent dosage.
Effect of adsorbent dose
Effect of initial fluoride concentration
Fluoride adsorption onto HAp was carried out at different initial fluoride concentrations ranging from 10 to 20 mg L À1 . Figs. 5-7 show the effect of initial fluoride concentrations on adsorption while keeping two parameters constant. It can be depicted from the response graphs that percentage removal increases with increasing fluoride concentration up to 10-20 mg L À1 and afterward shows a slight decrease.
Optimization using the desirability functions
In the numerical optimization, we choose the desired goal for each factor and response from the menu. The possible goals are: maximize, minimize, target, within the range, none (for responses only) and set to an exact value (factors only). A minimum and a maximum level must be provided for each parameter included. A weight can be assigned to each goal to adjust the shape of its particular desirability function. The goals are combined into an overall desirability function. Desirability is an objective function that ranges from zero outside of Removal of fluoride from aqueous solution by adsorption on hydroxyapatite (HAp) using response surface methodology 609 the limits to one at the goal. The program seeks to maximize this function. The goal seeking begins at a random starting point and proceeds up the steepest slope to a maximum. There may be two or more maximums because of the curvature in the response surfaces and their combination into the desirability function. By starting from several points in the design space chances improve for finding the ''best'' local maximum. A multiple response method was applied for optimizing any combination of five goals, namely the initial solution pH, initial fluoride ion concentration, adsorbent dose, temperature and fluoride removal. The numerical optimization found a point that maximizes the desirability function. A minimum level of adsorbent dose, maximum level of initial fluoride ion concentration, level of initial solution pH within the range of 4-11, level of temperature within the range of 20-40°C and maximum level fluoride removal were set for maximum desirability. The importance of each goal was changed in relation to the other goals. By seeking from 54 starting points in the response surface changes, the best local maximum was found to be ( Fig. 11 ) at initial solution pH 4.16, initial ion concentration of 20 mg L À1 , a hydroxyapatite dosage of 0.28 g, temperature of 39.02, fluoride removal of 88.86% and desirability of 1.00. These optimum values were checked experimentally which resulted in 86.34% of fluoride adsorption by hydroxyapatite. The good correlation between these two results obtained from optimization analysis using desirability functions, indicating Box-Behnken design in corporate with desirability functions could be effectively used to optimize the adsorption parameters for the removal of fluoride used.
Adsorption isotherms
Adsorption isotherms are very important in order to design adsorption processes; they also provide adsorption capacity of the adsorbent under the studied conditions. Although there are a lot of adsorption isotherm models, Langmuir and Freundlich are the most frequently used equations in the literature expressing the nonlinear relationship between the adsorbed fluoride ion on the adsorbent and the fluoride ion in the solution. These two-parameter models are simple and give a good description of experimental behavior in a large range of operating conditions. Langmuir model is expressed by the following equation:
where C e (mg L À1 ) is the equilibrium concentration of the adsorbate, q e (mg g À1 ) is the amount of adsorbate per unit mass of adsorbent, Q m (mg g À1 ) and b (L mg À1 ) are Langmuir constants related to sorption capacity and rate of sorption, respectively. Values of Q m and b can be graphically determined from the linear form of the Langmuir model ( Fig. 12 ) (Eq. (12)).
The affinity between F À and HAp adsorbent can be predicted using the Langmuir parameter b from the dimensionless separation factor R L (Hall et al., 1966) :
where C o is the initial F À concentration and b is Langmuir isotherm constant. The value of R L indicates the type of isotherm to be either unfavorable (R L > 1), linear (R L = 1), favorable (0 < R L < 1), or irreversible (R L = 0). As shown in Table 6 , the R L values for the adsorption of fluoride onto hydroxyapatite lying between 0 and 1, indicate that the adsorption is a favorable process.
Freundlich model is expressed by the following equation:
where K F and n are the indicators of adsorption capacity and adsorption intensity, respectively. The constants K F and n of the Freundlich model are respectively obtained from the intercept and the slope of the linear plot of Freundlich model (Fig. 13) (Eq. (15) ). 
Langmuir and Freundlich adsorption isotherm model parameters, evaluated from the linear plots, are presented in Table 7 . According to the correlation coefficients, the adsorption of fluoride on the hydroxyapatite was correlated well with the Langmuir (R 2 = 0.992) and Freundlich (R 2 = 0.981) isotherms.
Adsorption kinetics
The kinetic experiments were carried out for different contact times (15, 30, 60, 90, 120 and 240 min) with constant adsorbent dose (0.2 g), concentration (10 mg L À1 ) and pH (6.8-6.9). This kinetic study showed that a contact time of 90 min was sufficient to achieve equilibrium of fluoride onto hydroxyapatite ( Fig. 14) and this time was fixed for further study. Two commonly used kinetic models were applied in order to analyze the adsorption data.
The Lagergren pseudo-first-order model that can be represented by following the equation (Eq. (16) ).
The pseudo-second-order can be expressed as
where q e is the amount of fluoride adsorbed onto hydroxyapatite at equilibrium (mg g À1 ) and q t is the amount (mg g À1 ) of fluoride adsorbed at any time t (min) and K 1 and K 2 are the rate constants of pseudo-first-order and second-order models, respectively.The pertinence of the two models was developed by constructing linear plot of ln (q e Àq t ) vs. t for pseudofirst-order model and t/q t vs. t for pseudo-second-order model.
The rate constants K 1 and K 2 were obtained from the slopes of corresponding linear plots. According to the high regression coefficient, the adsorption of fluoride on hydroxyapatite is best described by the pseudo-second-order kinetic model (R 2 = 0.999) compared to pseudo-first-order kinetic model (R 2 = 0.426). Besides, the calculated q e values (1.76) for pseudo-second-order kinetic model are similar to the experimental q e value (1.82), indicating the efficiency of the fitted model.
Conclusion
This study investigated the adsorption of fluoride onto hydroxyapatite. Experiments were made as a function of different adsorption parameters (pH, concentration, adsorbent dose and temperature). Response surface methodology by the Box-Behnken model was used to examine the role of four process factors on fluoride removal. It was shown that a second-order polynomial regression model could properly interpret the experimental data with the coefficient of determination (R 2 ) value of 0.9543 and an F-value of 20.89, The simultaneous optimization of the multi-response system by desirability function indicated that 88.86% removal of fluoride can be possible by using the optimal conditions of pH 4.16, concentration of 20 mg L À1 , temperature of 39.02°C and dose of 0.28 g. The Langmuir and Freundlich adsorption isotherm models were used for the description of the adsorption equilibrium of fluoride. The data were in good agreement with both Langmuir and Freundlich isotherms. The adsorption data were controlled by both pseudo-first-order and pseudo-second-order models. The kinetics study indicated that the adsorption kinetics of fluoride followed second-order kinetics well. The adsorption of fluoride onto HAp was found to be endothermic in nature. This study shows that the Box-Behnken model is suitable to optimize the experiments for fluoride removal by adsorption. Figure 14 Effect of contact time on fluoride removal by HYA.
